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Abstract 
Residential area greening, one of key measures for urban reforestation, is regarded as one of the most effective 
methods to improve the outdoor microclimate. Better ventilation is considered crucial for improving the inferior 
outdoor thermal environment in summer. On the other hand, stronger wind in winter is unpleasant for pedestrian from 
a thermal comfort viewpoint. So it is necessary to determine better vegetation type selection and arrangement in the 
green space among buildings to achieve a comfortable outdoor thermal environment. This study investigated the 
influences of vegetation on wind environment in residential district by carrying out field experiments in Ivy town 
residential area in Beijing, and then, numerical simulation with SPOTE (Simulation Platform for Outdoor Thermal 
Environment) experiments for outdoor thermal environment of vegetation was adopted for comparison. The study 
could be described as follows: 1) By comparing the experiment data with simulation results, it could be concluded 
that the wind field simulated were consistent with the actual wind field, and the wind flow distribution impacted by 
vegetation could be accurately reflected; 2) In order to investigate influence of different vegetation on wind filed, the 
wind velocity with vegetation and without vegetation were compared both in winter and summer, for these simulation 
results will help us determine which vegetation to plant in green space in that we can predict the effects of vegetation 
on wind environment; 3) And after that, by adjusting arrangement and types of vegetation in the regions where the 
wind environment was unpleasant for pedestrian thermal comfort both in winter and summer, the pedestrian-level 
wind velocity could be obviously improved through the simulation and comparison. 
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1. Introduction 
The urban microclimate as represented by the urban heat-island phenomenon accompanying 
urbanization has become markedly worse in recent years in Beijing. One of the intensity of urban heat 
island of Beijing has gradually increased is the loss of vegetative cover in urban areas [1]. Thus, 
residential green space, which is one of urban reforestation styles, is of interest, and the greening and 
beautification of residential quarter has become one of the main concerns of residents [2]. 
Using vegetation to improve a residential area’s microclimate has long been investigated by a number 
of researches. It has been found on average that about 80% of the cooling effect in hot and humid climate 
regions is contributed by vegetation shading [3]. In addition, vegetation would decrease the upstream 
wind velocity obviously [4]. Despite the import influence of vegetation for thermal environment in 
residential areas, the current vegetation design only considers visual requirements [5], and the current 
Chinese national and Beijing residential greening norms have no quantitative measures for planting to 
create comfortable thermal environment [6]. One typical problem for residential quarters in Beijing is that 
hot summer and cold winter impacted by monsoon climate, and the outdoor thermal environment has 
various problems in both summer and winter respectively [7]. Therefore, it is necessary and significant to 
study the optimal design of vegetation to improve wind environment both in winter and summer. 
Although some researchers have been conducted into the effect of landscape on wind environment in 
residential area [4], few reports have systematically quantified the relationship between vegetation and 
wind environment in residential areas in terms of quantitatively optimal design of vegetation to create a 
pleasant outdoor thermal environment. 
Combining field experimental tests with numerical studies by SPOTE simulation platform [8], this 
study investigated the optimal design of vegetation to develop the optimal design method for a pleasant 
outdoor thermal environment, and the optimal design of vegetation was examined for improved 
ventilation in summer whilst checking any flow of cold wind in winter by means of the optimal design 
method presented in this research.   
2. Methodology 
2.1. Research method 
 
Fig.1 The schematics of the optimal design for vegetation 
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Fig.1 shows the flow of the optimal vegetation design system for improving wind environment in 
residential areas using numerical simulation and field experiment. As presented by the author, this 
optimum design system is composed of the following four stages: (1) Initially, an optimization problem is 
established by the designer; (2) Next, numerical analysis is performed on the outdoor wind environment 
using SPOTE simulation; (3) Thirdly, by consistency of model simulation and experimental testing, the 
influences of different vegetation on wind environment are investigated. (4) Finally, the optimum solution 
candidates and the optimum process are examined. Hence, as the first step, the design objective and 
evaluation method are determined in these stage. In the second stage, models including vegetation and 
buildings are used to analyze the outdoor environment. In the third stage, in order to investigate influence 
of different vegetation on wind filed, numerical simulations are carried out to determine which vegetation 
to plant in green space. In the fourth stage, optimal design of vegetation is examined for improved 
ventilation in summer whilst checking any flow of cold wind in winter. Thus far, the optimal vegetation 
design for comfortable wind environment is carried out. 
2.2. Field experiment 
Ivy town residential area is located at northeast part of Chaoyang District, Beijing, with the Olympic 
Garden to the east, 2nd Street to the north, East Dam Ring-road to the west and East Dam Road to the 
north. With an area of 6.38 million square meters, buildings are distributed in rows. The vegetation in the 
green space between buildings is presented the following characteristics: 1) trees are low with a height no 
more than 3m; 2) the number of evergreen trees planted in the green space is small (Fig.2). This is 
suitable for comparison research, for it can better reflect the impact of vegetation on wind environment by 
numerical simulation. 
 
 
 
 
 
 
 
 
 
 
 
  
Fig.2 The status of vegetation in ivy town residential area 
Portable weather stations are used in this study to measure the parameters including wind velocity 
(measurement accuracy: 0.1m/s, measurement range: 0-70m/s, measurement error: ± (0.3+3% of reading) 
m/s) and wind direction (measurement accuracy: 1°, measurement range: 0-360°, measurement error: 
±3°). 
With consideration of attenuation effect of vegetation on wind velocity and the location of 
concentrated open activity areas for residents, a total of 8 measuring points are installed for studying the 
impact of air flow on the daily activities of local residents. Meanwhile, the attenuation effect of different 
vegetation types and arrangement on wind velocity can also be investigated (Fig.3). 
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Fig.3 Layout of measuring points in the experiment Fig.4 The frequency of wind directions and average velocity of 
coming wind 
Testing time is May 19th, 2011, and dominant wind direction is SW with 3-4m/s velocity (Fig.4). 
Measurement parameters include wind velocity, wind direction and temperature with a 1 minute sample 
frequency. The values are taken for several times with the average value obtained in the stable wind field. 
2.3. Numerical simulation study 
In order to compare results of experiment with that of simulation, models should be built based on the 
actual environment including proper vegetation model and building model. In this study, SPOTE is 
chosen as the simulation platform with Standard k-ε turbulence model and incoming gradient wind as 
boundary conditions. 
Plant is described as porous medium in micro-environmental simulation in the vicinity of buildings. 
Therefore, the following simplifications have been made: a) the canopy (leaves + branches) is considered 
as an organic whole, i.e. the branches are approximated to be leaves; b) the trunk is approximated to be 
the canopy [5]. Based on the theory, the vegetation in Ivy town residential area are classified and modeled. 
In this study, vegetation is divided into the following four categories according to height, leaf density are 
and effects on pedestrian. Typical vegetation and final leaf area index for each kind of vegetation are 
listed in Table 1[9-10].  
Table 1 Vegetation classification 
Kind Vegetation classification Main vegetation Leaf area index 
A Evergreen arbors Cedrus deodara 2.32 (S) 2.32 (W) 
B Deciduous arbors Ailanthus altissima 3.68 (S) 1.22 (W) 
C Evergreen shrubs Sabina cv.Henanbai 1.69 (S) 1.69 (W) 
D Deciduous shrubs Syringa oblata 2.59 (S) 0.86 (W) 
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Note: A type of vegetation canopy has the height of 4m, and is 1m from the ground; B type of vegetation canopy has the height of 
3m, and is 2m from the ground; C type of vegetation canopy has the height of 2m, and is 0.5m from the ground; D type of 
vegetation canopy has the height of 2m, and is 0.5m from the ground. S and W represent summer and winter respectively.  
 
According to the vegetation classification above (shown by different colors), vegetation and buildings 
model are shown in Fig.5. 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Building and vegetation model of ivy town residential area 
 
3. Comparisons and analysis  
3.1. Comparison of results between experiment and simulation based on measured data 
Combining the field measurement data with incoming air velocity, numerical simulation is carried out 
with SPOTE. The average wind velocity of each point is calculated and compared with the experimental 
data.  
 
Fig.6 Comparison of wind velocity and direction between experiment and simulation  
Note: The right ordinate represents wind direction, with 0° standing for the north, 90° standing for the east, 180° for the south, 270° 
for the west and 360° for the north. 
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Table2 Comparison of wind velocity between experiment and simulation 
 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 
Wind velocity in simulation 0.87 1.27 0.83 1.12 1.25 0.89 1.01 
Wind velocity in experiment 1.09 1.12 0.85 1.08 1.29 0.83 1.19 
Error 11.00% 11.81% 2.35% 3.57% 3.10% 6.74% 15.12% 
According to the table above (Table 2), it is shown that the measured data are consistent well with the 
simulation results, especially well for the wind direction of each measuring point (Fig.6). Through 
comparison of the deviation between wind velocity in simulation and experiment, it is discovered that the 
deviation between experimental and simulation results ranges from 2.35% and 15.12%. The following 
factors should be comprehensively considered: the deviation between vegetation model and actual 
experiment, errors caused by instrumental measurement and systematic errors. With all these factors 
considered, it can be concluded that simulated values represent well with those measured in actual 
experiment. 
3.2. Comparison of simulations with and without vegetation 
The date for numerical simulations is selected as 22nd January and 19th May, and the wind directions 
are set as N and SW, with the wind velocities as 7.0m/s and 4.0m/s at the height of 21m respectively. The 
simulations with vegetation are performed (Fig.7 and Fig.8), and the wind velocity with and without 
vegetation are compared independently. 
 
Fig.7 Simulation with vegetation (summer) 
 
Fig.8 Simulation with vegetation (winter) 
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Defining minus= V [with vegetation]-V [without vegetation], the data of simulations with and without 
vegetation are compared (Fig.9, Fig.10), analysis for the wind environment at pedestrian level is carried 
out. 
 
  
Fig.9 Distribution of minus in simulation (summer)  Fig.10 Distribution of minus in simulation (winter)  
Table3 Comparison of simulations data with vegetation and without vegetation 
 
  Maximum ratio 
of wind velocity  
Minimum ratio of 
wind velocity 
Ratio of region with 
increased wind velocity  
Ratio of region with 
decreased wind velocity  
With plants 
/Without plants 
Summer 0.95 3.2 35% 61% 
Winter 0.95 0.47 35.8% 60.2% 
 
From the table above (Table 3), it could be concluded that by the comparison of simulation data with 
and without vegetation, the actual wind velocity increases to a much less extent in areas with vegetation 
than the area without vegetation, the ratio of region with increased wind velocity reaches no more than 
35% and 35.8% in summer and winter respectively, while regions with excessively large wind velocity 
increase obviously, due to the wind-induced effect of vegetation, and the ratio of region with decreased 
wind velocity was 61% and 60.2% in summer and winter respectively. It is strongly indicated that 
vegetation plays a significantly active role in improving wind environment. 
3.3. Comparison analysis of conditions by adjusting and optimizing arrangement and types of vegetation 
As mentioned above, in Ivy town residential district, most of the height of tree crown is no more than 
3m, and the vast majority of vegetation is deciduous plants. So when wind velocity is too great, the wind 
environment inside the residential area is severely affected. Based on the accuracy of simulation of wind 
field using SPOTE in this district, appropriate adjustments can be made to mitigate the adverse impact of 
excessively great wind velocity on pedestrians. By optimizing the vegetation types and arrangement in the 
residential area, the simulations of wind field distribution are carried out (Fig.11 and Fig.12).  
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Fig11. Simulation after optimization (summer) 
 
Fig12. Simulation after optimization (winter) 
In accordance with the definition of minus, the data of simulations after optimum arrangement of 
vegetation and without vegetation are compared independently (Fig.13 and Fig.14). 
  
Fig.13 Distribution of minus after optimization (summer) Fig.14 Distribution of minus after optimization (winter) 
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Table 4 Comparison of simulations data by adjusting and optimizing vegetation and without vegetation 
 
  Maximum ratio of 
wind velocity  
Minimum ratio of 
wind velocity 
Ratio of region with 
increased wind velocity  
Ratio of region with 
decreased wind velocity  
After optimization / 
Without plants 
Summer 0.93 2.45 22.2% 73.6% 
Winter 0.81 0.33 24.5% 71.3% 
 
It can be seen from the above table (Table 4) that after adjustment and optimization of vegetation on 
the site, under identical simulation boundary conditions, the wind velocity was decreased, and the ration 
of region with decreased wind velocity was 73.6% and 71.3% in summer and winter respectively. 
Especially in the passages between the residential buildings, wind velocity reduction is relatively more 
significant after vegetation optimization.  
Table 5 Comparison of simulation data before and after optimizing vegetation 
 Ratio of region with increased wind 
velocity  
Ratio of region with decreased wind 
velocity  
Ratio of average wind velocity 
Summer 42.5% 55.1% 0.97 
Winter 33.2% 61.6% 0.99 
 
From the data analysis above (Table 5), it could be summarized that the ratio of region with increased 
wind velocity was 42.5% and 33.2% in summer and winter respectively; the ratio of region with 
decreased wind velocity was 55.1% and 61.6% respectively. While in Beijing area, the comfortable of 
outdoor environment in winter is more important for pedestrian’s pleasantness [5], so after the optimal 
vegetation design, the wind environment of the residential area has been significantly improved. 
 
4. Conclusions 
Vegetation has significant effects on the outdoor wind environment and pedestrian comfort in 
residential district. The comparison results between experiment and numerical simulation were carried out 
to validate the possibility that simulation could reflect actual wind environment. Moreover, simulations 
with vegetation and without vegetation were compared to quantitatively show vegetation’s effects on 
wind environment in residential area, and then by adjusting arrangement and types of vegetation in the 
regions with excessively large wind velocity, the pedestrian-level wind velocity could be obviously 
improved through the simulation and comparison. 
Through a comparison between experiment and simulation based on SPOTE simulation platform, it 
could be concluded that simulation is consistent well with experiment, and the wind field distribution can 
be accurately reflected, and the wind velocity is obviously decreased with vegetation compared with the 
case without vegetation.  
In addition, by comparison of simulation results before and after vegetation optimization, the outdoor 
wind environment was well improved, especially in winter. The wind environment of residential district 
could be improved considerably by adjusting vegetation arrangement and types. The method proposed in 
this study can provide effective guidance for optimal design of vegetation in residential districts to 
improve pedestrian comfort. 
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